ABSTRACT: Experiments have suggested that photoreduced ZnO nanocrystals transfer an electron and a proton to organic radicals through a concerted proton-coupled electron transfer (PCET) mechanism. The kinetics of this process was studied by monitoring the decay of the absorbance that reflects the concentration of electrons in the conduction bands of the nanocrystals. Interestingly, this absorbance exhibited nonexponential decay kinetics that could not be explained by heterogeneities of the nanoparticles or electron content. To determine if proton diffusion from inside the nanocrystal to reactive sites on the surface could lead to such nonexponential kinetics, herein this process is modeled using kinetic Monte Carlo simulations. These simulations provide the survival probability of a proton hopping among bulk, subsurface, and surface sites within the nanocrystal until it reaches a reactive surface site where it transfers to an organic radical. Using activation barriers predominantly obtained from periodic density functional theory, the simulations reproduce the nonexponential decay kinetics. This nonexponential behavior is found to arise from the broad distribution of lifetimes caused by different types of subsurface and surface sites. The longer lifetimes are associated with the proton becoming temporarily trapped in a subsurface site that does not have direct access to a reactive surface site due to capping ligands. These calculations suggest that movement of the protons rather than the electrons dominate the nonexponential kinetics of the PCET reaction. Thus, the impact of both bulk and surface properties of metal-oxide nanoparticles on proton conductivity should be considered when designing heterogeneous catalysts.
M
etal-oxide nanoparticles have been extensively studied both experimentally and theoretically as electron-transfer agents, predominantly in relation to their potential applications in dye-sensitized solar cells. 1−5 Although the majority of these studies have focused on TiO 2 , 6, 7 ZnO nanomaterials have also generated widespread attention due to their optical properties, thermal stability, and high specific surface area, which is a key factor for dye adsorption. 8, 9 In contrast, experimental studies of proton transfer and protoncoupled electron transfer (PCET) in metal-oxide nanoparticles are rare. Understanding the role of protons in these systems, however, is crucial for the design of catalysts to facilitate important transformations such as water oxidation, dioxygen reduction, CO 2 to methanol conversion, C−H activation, dinitrogen reduction, and a variety of other transformations involving the net transfer of multiple electrons and protons. 10−12 In recent studies, 13 photoreduced ZnO nanoparticles have been prepared by photogeneration of electron/hole pairs, followed by quenching of the holes through oxidation of ethanol, leaving electrons in the conduction band (CB) and protons at the surface and in the bulk. These photoreduced ZnO nanoparticles have been shown to undergo PCET reactions with organic radicals such as TEMPO and t Bu 3 ArO based on flash photolysis experiments. 13 In these experiments, the photoreduced nanocrystal (NC), which is denoted ZnO:e CB − /H + to indicate that the reducing electrons occupy delocalized orbitals in the CB, transfers an electron and a proton to an organic radical such as TEMPO to produce ZnO and TEMPOH. The reaction between photoreduced ZnO NCs and TEMPO has been further studied using stopped-flow kinetics, providing information about the kinetics on longer time scales (∼2 s). 14 In these experiments, the PCET reaction was studied by monitoring the absorbance at 700 nm, which scales linearly with the concentration of electrons in the CBs of the NCs, and the concentration of TEMPO was significantly greater than the effective concentration of the photoreduced NC. These experimental conditions are expected to yield pseudofirst-order kinetics, but surprisingly, the measured decay of absorbance at 700 nm, which reflects the decrease in the concentration of CB electrons, exhibited nonexponential kinetics. Several possible hypotheses have been proposed to explain the deviation from exponential decay kinetics for PCET from photoreduced ZnO NCs to TEMPO. One plausible hypothesis is that the NC size distribution of ∼17% about the mean is accompanied by a distribution of electron content that leads to different electron-transfer rates. This hypothesis was discarded because NC solutions with similar concentrations of CB electrons displayed different reactivity, and previous studies of electron transfer from PbS NCs to quinones, with similarly broad NC size distributions, displayed single exponential kinetic behavior. 15 The deviation from exponential decay kinetics is also thought to be too significant to be explained by variations in the size and shape of the NCs for a size distribution of ±17% or by the heterogeneity in the capping group number and density. After discarding these possible explanations, a remaining possible explanation is that the nonexponential kinetics arises from the behavior of the protons that participate in the PCET reaction to TEMPO. 14 The goal of the current work is to investigate whether diffusion of protons from inside the NC to reactive sites on the NC surface can lead to the observed nonexponential kinetic behavior. Previous extensive theoretical and experimental studies suggest that protons can intercalate into bulk ZnO and contribute to n-type conductivity. 16−23 In addition, hightemperature annealing behavior of hydrogen-doped ZnO has been explained in terms of hydrogen diffusion from interstitial and oxygen vacancy sites. 24−26 Moreover, hydrogen on Zn sites of the nonpolar 101̅ 0 surface of wurtzite crystal has been proposed to diffuse inside the bulk at temperatures above 200 K. 27 In this study, we employ a plausible model for the ZnO NC with a specified concentration of reactive sites on the surface. A single proton starts from a lattice site inside the NC and moves stochastically between sites, accounting for relevant barriers between different types of sites, until it reaches one of the reactive sites where it can be transferred to TEMPO. The barriers between different types of sites are calculated with periodic density functional theory (DFT), and the survival probability of the proton, which is defined in terms of the time required to reach a reactive site, is computed within the framework of a kinetic Monte Carlo (KMC) scheme. 28, 29 The calculated survival probability is compared to the experimentally measured normalized absorbance versus time, and the results are analyzed in terms of the physical properties of the NCs.
RESULTS AND DISCUSSION
Model for ZnO NC. A model for the ZnO NC was designed by carving out a nanoparticle of radius 2 nm centered at a Zn atom within the wurtzite lattice, as depicted in Figure 1 . The H sites in this NC are subdivided into three categories, namely surface sites, subsurface sites, and bulk sites, based on geometric criteria. All O (Zn) atoms with fewer than four nearestneighbor Zn (O) atoms are considered to be surface atoms. In our model, 255 O atoms belong to the nonpolar surfaces, and 48 O atoms belong to the polar surface. The polar O sites are assumed to be continuously occupied with protons because of the large hydrogen atom dissociation energy associated with these sites and therefore are not considered as potential proton hopping sites. The definitions of subsurface and bulk sites are given below in Theoretical Methods. The relevant H sites, which correspond to the proton bonded to an O atom, are shown in Figure 2 . A specified fraction of the "surface:up" sites is assumed to be reactive for PCET to TEMPO, while the remaining surface sites are assumed to be blocked with unreactive protons because the capping ligands prevent TEMPO from approaching close enough to allow PCET.
In the KMC simulations, a proton starting from a bulk site or a subsurface site performs a random walk based on microscopic rate constants for hopping between sites until it reaches a reactive site on the surface, where it can undergo a fast PCET reaction. The activation barriers for proton hopping between different sites were calculated with DFT and are provided in Table 1 . In these calculations, a neutral hydrogen atom was inserted into the NC. An interstitial hydrogen atom in ZnO is known to be a shallow donor with its electronic state almost isoenergetic with the lower CB edge of ZnO. 16−19 Thus, an electron is thought to be donated to one of the delocalized states near the CB edge, and diffusion of hydrogen in ZnO can be described as diffusion of a positively charged proton. A proton in a bulk site can hop to another bulk site or to a subsurface site. A proton in a subsurface site can hop to another subsurface site, to a surface:down site, or to a bulk site. A proton in a surface:down site can rotate to a surface:up site or can hop to a subsurface site. A proton in a surface:up site can rotate to a surface:down site or hop to another surface:up site. The surface:down site corresponding to a blocked surface:up site is assumed to be inaccessible to any proton in the subsurface layer because a given oxygen atom is presumed to be bonded to a single proton. The barrier for hopping between a bulk and subsurface site, E a B→S , is treated as a parameter because it could not be calculated in a straightforward manner. More details about these calculations are provided below in Theoretical Methods. Analysis of Kinetics for Photoreduced ZnO NCs. In our model, the kinetics of the overall process is dictated predominantly by proton diffusion inside the bulk of the NC because the PCET reaction at the surface occurs on a much faster time scale (∼1000 s −1 ) compared to hopping between two bulk sites (∼6.6 s −1 ). We analyze the overall kinetics in terms of the time dependence of the survival probability, defined to be the fraction of random walks for which the proton
has not yet reacted. As shown in Figure 3 , the calculated survival probability versus time is in excellent agreement with the experimentally measured time decay of the normalized absorbance of photoreduced ZnO NCs in the presence of TEMPO if the two free parameters are chosen appropriately. 
a N/A indicates that the hop was not allowed in the KMC simulations, and E a B→S indicates that this activation energy was treated as a parameter in the KMC simulations. A hop between two surface:down sites is not allowed because it would go through a subsurface site. First, 70% of surface sites are assumed to be reactive, and second, E a B→S is chosen to be 0.8 eV, which is 0.1 eV larger than the activation barrier for hopping between two bulk sites. For the remainder of this section, we analyze how changing both the fraction of reactive surface sites and E a B→S impacts the survival probability, and we provide physical justification for the choices.
The concentration of reactive sites on the surface of the NC depends on the concentration of the capping ligands. The calculated survival probability at a particular time decreases as the concentration of the reactive sites on the surface increases ( Figure S1 ). Experimentally, ∼25% of the surface Zn sites are bound to organic capping ligands. 30 Protonated O sites that are accessible to TEMPO, despite these capping ligands, can react with TEMPO by way of PCET. In our simulations, ∼70% of the O atoms of the nonpolar surfaces are assumed to be reactive, while the remaining unreactive O atoms are assumed to be protonated on the outer surface. This concentration of reactive sites is qualitatively reasonable considering that 25% of the surface Zn sites are capped with ligands that would block TEMPO from approaching.
The different values of E a B→S considered in comparison to the other relevant activation barriers are depicted in Figure 4 .
When E a B→S = 0.4 eV, the survival probability decays exponentially ( Figure 5 ), whereas when E a B→S = 1.2 eV, the decay is best represented by a biexponential function ( Figure  5 ). The survival probabilities calculated with bulk to subsurface activation barriers of E a B→S = 0.7 eV and E a B→S = 0.8 eV can be fit well with both biexponential and stretched exponential functions ( Figure 5 ). These results invoke two major questions. First, why does the time dependence of the survival probability deviate from single exponential kinetics upon increasing the activation barrier for hopping between bulk and subsurface sites from 0.4 to 0.8 eV and beyond? Second, why does the stretching parameter decrease from 0.80 to 0.54 when E a B→S is increased from 0.7 to 0.8 eV? Critical to understanding these two questions are the relative barriers for proton hopping between different sites, as summarized in Figure 4 , and the inaccessibility of the surface:down sites associated with blocked surface:up sites.
To analyze the survival probabilities, we plotted the histograms of the lifetimes for all of the random walks ( Figure  5 ). The histograms of the lifetimes are directly related to the corresponding survival probabilities S(t):
where N w (t) is the total number of walks that have lifetimes ≥t, N is the total number of walks, and n w (τ) is the number of walks with lifetime τ. According to eq 1, if the histogram of lifetimes shows exponential decay, then the survival probability will also show exponential decay kinetics. Alternatively, if the histogram becomes nonexponential (multiexponential or stretched exponential), then the survival probability will also exhibit similar characteristics. All of the walks are subdivided into walks that originated either from the subsurface sites (purple bars in Figure 5 ) or from the bulk sites (gray bars in Figure 5 ). The total number of walks starting from either bulk or subsurface sites is proportional to the total number of available bulk or subsurface sites, respectively. In all cases, the overall survival probability is dominated by the decay kinetics of the histogram of walks originating from bulk sites because the ). On the right, the gray and purple bars correspond to walks starting at a bulk site or a subsurface site, respectively. The insets show a magnification of the histograms at longer time scales, as indicated by the y-axis units. According to eq 1, S(t) is the integral of n w (τ) for τ = t to ∞.
number of bulk sites is significantly larger than the number of subsurface sites, and the histograms for walks originating from the subsurface sites decay on a much faster time scale. Hence, we interpret the decay kinetics of the overall survival probability in terms of the histograms for walks originating from the bulk sites only.
When the activation barrier for proton hopping between a bulk site and a subsurface site is much smaller than the corresponding barrier connecting two bulk sites (Figure 4A) , the histogram for walks originating from bulk sites decays exponentially ( Figure 5, top row) . In this case, the activation barrier for proton hopping from a bulk site to a subsurface site is similar to that for proton hopping from a subsurface site to a surface site ( Figure 4A ). This similarity in activation barrier translates to a comparable probability of hopping from a subsurface site to either a bulk site or a surface site where it can react. Even when the neighboring surface site of a subsurface site is inaccessible, the proton can still hop to a neighboring bulk site and then find another subsurface site with access to a surface site. Thus, the proton can still react, and none of the walks becomes stuck beneath the surface. This situation is similar to free diffusion with a low concentration of randomly distributed static traps (reactive sites), where the solution to the reaction-diffusion equation shows effectively exponential decay of the survival probability. 31 When the activation barrier for proton hopping between a bulk and a subsurface site is increased to 0.7 eV (Figure 4B ), the probability of hopping from bulk to subsurface becomes comparable to the probability of hopping from bulk to bulk. On the other hand, the probability of hopping from a subsurface site to a bulk site decreases, leading to an effective increase in the probability of hopping from a subsurface site to a surface site where the reaction can occur. This combination of probabilities results in faster exponential decay kinetics observed at earlier times and accumulation of walks with intermediate lifetimes as shown in Figure 5 (second row), where the inset shows the histograms for the lifetimes at intermediate times. In addition, some of the walks survive for even longer times because the proton might get stuck in one of the subsurface sites without access to a reactive surface site. These features contribute to the slightly nonexponential behavior of the survival probability ( Figure 5 , second row). Upon further increasing the activation barrier for hopping between a bulk site and a subsurface site to be greater than the activation barrier for hopping between two bulk sites ( Figure  4C ), hopping between two bulk sites is more probable than hopping from a bulk to a subsurface site, resulting in even more walks with intermediate lifetimes, as shown in the inset of the third row of Figure 5 . Note that the nonexponential behavior of the survival probability is more pronounced for E a B→S = 0.8 eV than for E a B→S = 0.7 eV because of the greater relative probability for hopping between bulk sites.
When the activation barrier for proton hopping between a bulk site and a subsurface site is much larger than the corresponding barrier connecting two bulk sites ( Figure 4D ), the histogram for lifetimes between 0 and 2 s is similar to the cases with bulk to subsurface activation barriers of 0.7 and 0.8 eV. In contrast to these two cases, however, the walks with intermediate lifetimes (1.5 s < τ < 100 s) become scarce ( Figure 5 , bottom row) because the probability of an indirect route connecting a subsurface site and a reactive surface site via a bulk site decreases dramatically. In addition, the walks with very long lifetimes (>10 4 s) increase in number. The resulting distribution of lifetimes exhibits a bimodal character, leading to approximately biexponential decay kinetics of the survival probability ( Figure 5 , bottom row). Thus, the physical basis for the nonexponential kinetics is that the proton samples different types of sites, leading to different routes from the bulk to the surface with varying probabilities. In addition to distinct barriers for hopping between different types of sites, the presence of capping ligands results in a significant fraction of inaccessible surface sites with bound, nonreactive protons and leads to two different types of subsurface sites. These subsurface sites differ in whether they are adjacent either to a surface site that is accessible and therefore reactive or to a surface site that is inaccessible because a proton is already bound to it on the outer surface. As shown previously, 32 stretched exponential behavior is expected for atomic diffusion with a broad distribution of lifetimes. For proton diffusion in these ZnO nanoparticles, two important properties are required to obtain the type of distribution that leads to the experimentally observed stretched exponential kinetics. First, there should be a low but non-negligible probability of the proton finding an alternate route from a subsurface site to a reactive surface site via a bulk site. Second, there should be a higher probability of hopping from a bulk site to another bulk site than to a subsurface site. When the activation barrier for proton hopping between two bulk sites is 0.7 eV, both of these properties are satisfied when the activation barrier for proton hopping from a bulk site to a subsurface site is 0.8 eV ( Figure 4C ). When the activation barrier for proton hopping from a bulk to a subsurface site is 0.7 eV (Figure 4B ), the second property is not satisfied. For an activation barrier of 1.2 eV (Figure 4D ), the first property is not satisfied, and for an activation barrier of 0.4 eV (Figure 4A ), neither property is satisfied. When the activation barrier for proton hopping from a bulk to a subsurface site is relatively large (i.e., 1.2 eV), the kinetics can also be described as biexponential decay. This biexponential behavior could be viewed in terms of two types of walks: those for which the proton becomes stuck in a subsurface site with an inaccessible neighboring surface site, and those for which the proton does not sample these types of subsurface sites and therefore reaches a reactive surface site more quickly.
We also investigated the sensitivity of the decay of the survival probability to the activation barrier for hopping between bulk sites. If this effective barrier is artificially increased to 0.8 eV, the time scale for the decay of survival probability changes from ∼2 s to ∼100 s, but the stretching parameter β for the stretched exponential decay still depends on the difference between the activation barriers for hopping between bulk sites and hopping from a bulk site to a subsurface site (see Figure S2) .
Thus, we found that the experimental data could only be reproduced with this model if the activation barrier for proton hopping between a bulk site and a subsurface site is slightly greater than the activation barrier for proton hopping between two bulk sites. A possible physical explanation for this finding is that the bulk sites and subsurface sites are structurally different, and the resulting mismatch leads to a slightly longer effective hopping length between a bulk and a subsurface site than between two bulk sites, thereby potentially leading to a larger activation barrier. Another possible explanation is the presence of oxygen vacancies that are occupied by protons. Previous work has shown that a proton or a hydrogen atom at an oxygen vacancy is quite stable both thermodynamically and kineti-cally. 25, 26 If a large percentage (∼70%) of regular bulk sites that have at least one subsurface site as a neighbor are replaced by oxygen vacancies occupied by protons, then the survival probability exhibits stretched exponential character with a slightly longer time scale and larger stretching parameter than experimentally observed (see Figure S3 ). It is possible that a combination of factors, including structural deformation, oxygen vacancies, excess protons, and organic capping ligands, contribute toward the experimentally observed stretching parameter.
CONCLUSIONS AND IMPLICATIONS
These calculations provide a plausible explanation for the origin of the experimentally measured nonexponential decay kinetics for the PCET reaction from photoreduced ZnO NCs to TEMPO. The kinetics was determined experimentally by monitoring the decay of the absorbance at 700 nm, which reflects the concentration of electrons in the CBs of the NCs. We modeled this kinetics using KMC simulations to monitor the decay of the survival probability of a proton hopping among bulk, subsurface, and surface sites within the NC. In these simulations, only a certain fraction of surface sites are accessible and reactive for PCET to TEMPO. Our calculations also indicate that an activation barrier of 0.7 eV for proton hopping between two bulk sites provides the appropriate time scale for the decay. Most importantly, the simulations show that an activation barrier between bulk and subsurface sites of 0.8 eV leads to excellent agreement with the experimentally measured nonexponential kinetics. The nonexponential kinetics is found to arise from the broad distribution of lifetimes caused by different types of subsurface and surface sites. In particular, the longer lifetimes are associated with the proton becoming temporarily trapped in a subsurface site that does not have direct access to a reactive surface site.
This work implies that the nonexponential kinetics of PCET reactions at the interfaces of metal-oxide nanoparticles is dominated by movement of the protons rather than the electrons and that proton diffusion may play an important role in the catalytic performance of such nanoparticles. In particular, the kinetics on longer time scales is found to be determined primarily by proton diffusion within the bulk, rather than only on the surface. Thus, both bulk and surface properties of metaloxide nanoparticles, especially in the context of proton conductivity, should be considered when designing heterogeneous catalysts that require PCET steps. These KMC simulations focused on proton diffusion to reactive surface sites but did not examine the PCET reaction occurring after the reactive site is reached. In recent work, we used vibronically nonadiabatic PCET theory to examine the PCET reaction from photoreduced ZnO NCs to TEMPO. 33 The combined insights about both proton diffusion and the PCET mechanism could have significant implications for future catalyst design.
THEORETICAL METHODS
A nanoparticle of radius 2 nm 14 centered at a Zn atom was carved out from the wurtzite lattice. To generate NCs that expose well-defined crystal planes at the surface while keeping an overall near-spherical shape, four symmetry equivalent nonpolar and two polar surfaces of the hexagonal wurtzite unit were generated for the (n − 1) th layer of atoms, where n denotes the outermost bilayer. All atoms of the nanoparticle within the region bounded by these planes constitute our model for the NC, which is depicted in Figure 1 . The above steps ensure the following properties of the NC: dangling bonds on the surface are minimized, both polar and nonpolar surfaces are exposed, 34 and a similar number of Zn and O atoms, 1309 and 1329, respectively, are included in the NC. The coordinates of all atoms in the NC are provided in the SI.
To determine whether it is possible to abstract a hydrogen atom from both the polar and nonpolar surfaces, we performed separate periodic DFT calculations on slabs of finite depth with the images separated by ∼20.0 Å. Optimized structures of the slabs with polar and nonpolar surfaces exposed are provided in the SI. The dissociation energy for removing a hydrogen atom was determined to be significantly greater from a polar surface site than from a nonpolar surface site, namely 4.3 eV compared to 3.0 eV. While these dissociation energies are only approximate because of well-known shortcomings of these types of DFT calculations, particularly with the PBE functional, 35 the relative dissociation energies are expected to be qualitatively correct. Moreover, previous experiments have indicated that a stable monolayer of hydrogen is formed on the O-terminated polar surface. 27 The H sites are divided into bulk, subsurface, and surface sites. As mentioned above, all O (Zn) atoms with fewer than four nearestneighbor Zn (O) atoms are considered to be surface atoms. All O (Zn) atoms within 2.0 Å of at least one surface Zn (O) atom belong to layer-2, while all O atoms within 2.0 Å of at least one layer-2 Zn atom belong to the subsurface layer. The H sites on layer-2 are not considered because the slab calculations indicate that they are significantly higher in energy than the sites on the subsurface layer. All other O atoms that do not belong to the surface or subsurface layers, or to layer-2, constitute the bulk. Our model consists of 255 surface:up sites, 255 surface:down sites, 183 subsurface sites, and 675 bulk sites. Only the most stable H sites in the subsurface and bulk layers, along with two sites per surface O site, are considered as probable proton hopping sites.
Periodic DFT calculations were performed to identify the most stable H sites in the bulk and close to the surface. The bond-centered site parallel to the crystal c-axis (Figure 2A ) was calculated to be the most stable site in the bulk, in agreement with previous calculations. 36, 37 In the subsurface layer, the most stable structure has the H pointing toward the surface at a bond-centered site ( Figure  2B ). This structure is ∼0.5 eV higher in energy than the most stable surface site. On the surface, two plausible H sites, one beneath the surface and the other above the surface, were found to be stable ( Figure 2C,D) . The structure with H beneath the surface is ∼0.63 eV higher in energy than the structure with H above the surface. To compare the stability of H at a site on the surface and at a site inside the bulk, we calculated the corresponding H atom addition energies as the difference in absolute energies of the slab or bulk with and without a H atom. The hydrogen affinities of a bulk site, a surface site, and a subsurface site were calculated to be −2.4, −3.0, and −2.5 eV, respectively.
The microscopic rate constants for hopping between different types of neighboring sites were obtained using classical transition state theory, 38 where the activation barriers were determined with the climbing image nudged elastic band method. 39 Table 1 summarizes the activation energies for proton hopping between neighboring sites. The effective barrier for proton hopping between two bulk sites is calculated to be ∼0.7 eV. Similar estimates have been obtained from previous electronic structure calculations. 37 Direct hopping between subsurface sites is associated with a significantly higher activation barrier, 1.2 eV, compared to hopping between a subsurface site and the nearest site on the surface, which was determined to be 0.3 eV. Note that the estimated rate constants should be considered to be only qualitatively accurate due to limitations of the PBE functional and the neglect of nuclear quantum effects such as zero-point energy and proton tunneling. The quantitative accuracy would be improved by using a hybrid functional and including such nuclear quantum effects beyond classical transition-state theory. Furthermore, as discussed above, the activation barrier for proton hopping from a bulk site to a subsurface site was treated as a parameter in this study. The calculation of this barrier with periodic DFT would require a significantly larger supercell that would be much more computationally expensive, particularly with a hybrid functional. For all of these reasons, the calculations presented herein should be viewed as providing a qualitative model that explains the experimental data rather than as quantitatively definitive results.
We performed KMC simulations of the proton diffusion among the available H sites. In these simulations, the immediate neighbor that accepts the proton is chosen randomly based on the cumulative distribution of the microscopic rate constants. After the proton has hopped from one site to another, the time is updated according to the following equation for the escape time:
where u is a random number between 0 and 1 and k ij is the microscopic rate constant for jumps from site i to site j. At the beginning of each KMC trajectory, a set of distinct reactive sites is chosen randomly. The diffusing proton starts either from a bulk site or a subsurface site with a uniform random distribution and hops to one of the neighboring sites randomly based on the hopping probabilities. This random walk continues until either the maximum total time is reached or the proton reacts. Calculations performed with 10 5 , 10 6 , 10 7 , and 10 8 random walks led to similar results in most cases, but to ensure convergence, the data reported herein correspond to simulations with 10 7 random walks.
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